The Great East Japan Earthquake, which occurred on 11 March, 2011, was the largest earthquake in recent Japanese history and resulted in the generation of large amounts of disaster waste. As a result, many 'outdoor storage areas' were established within disaster zones, and more than 40 fires occurred in these storage areas within the Tohoku region. One possible cause of these fires is thought to have been the heat generated by fermentation of microorganisms that can proliferate easily under such conditions, often causing spontaneous ignition. In the present study, we aimed to determine the trigger of such faint heat generation. In particular, we collected samples from outdoor storage areas where fires have occurred. Then, we conducted thermal analysis to obtain basic data and developed safety measures to help prevent fires. Our results reveal that the heat generated during fermentation of wood chips and rotten tatami most likely acted as a trigger of spontaneous ignition.
Introduction
Japan is a particularly earthquake-prone country, owing primarily to its location above four tectonic plates: the North American, Eurasian, Pacific Ocean and Philippine Sea plates. The Great East Japan Earthquake hit eastern Japan on the afternoon of 11 March, 2011. Many buildings collapsed owing to both seismic vibrations and the subsequent tsunami. As a result, many 'outdoor disaster waste storage areas' were established in disaster zones to deposit disaster waste temporarily, with the intention of removing this waste after sorting.
Until 31 January, 2012, only 297 outdoor disaster waste storage areas existed in Fukushima, Miyagi, and Iwate prefectures, covering an area of approximately 973 ha (equivalent to 207 Tokyo Domes) [1] . Despite the relative scarcity of these areas, more than 40 fires occurred in quick succession at storage areas in the Tohoku region. The proliferation of microorganisms under the favourable conditions provided by the waste piles has been suggested as one of the causes of these fires.
The heat generated by such fermentation would have raised the temperature within the waste piles ultimately resulting in spontaneous ignition. Previous studies have suggested that these types of fire may occur following fermentation in treatment facilities that produce biomass fuel, such as wood chips [2] , using construction waste. Similarly, cases of fires or explosions occurring in outdoor facilities and waste silos have also been reported [3] - [5] .
To investigate the cause of these fires in more detail, we conducted field surveys of two outdoor disaster waste storage areas at which fires have occurred, in Yuriage and Kozukahara, Natori City, Miyagi Prefecture. In particular, we collected multiple samples from these outdoor storage areas and applied various heat analysis methods to investigate the cause of the fires, with the objective of obtaining basic data to prevent the occurrence of such fires in future.
Outline of fires that occurred in the Tohoku region
To evaluate the number of fires that began in the disaster waste of the Great East Japan Earthquake, we focussed on the fires that occurred in the Tohoku area from the time of the earthquake until March 11, 2012 . We investigated only fires that originated in the disaster waste; thus, fires from other causes were excluded. Fig. 1 illustrates the number of fires that occurred in each month, and reveals that 46 fires originated in the disaster waste. Additionally, during August to September in particular, many fires occurred in areas where wood waste and tatami mats were piled. 
Experiments

Samples
The waste samples used in the present study are illustrated in Fig. 2 . We focussed on piles of wooden disaster waste and tatami mats, since such materials had been shown previously to cause fires. Tatami, which is made by weaving straw and igusa (soft rush straw), is a traditional flooring material in Japanese houses.
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Rotten samples were defined as those emitting foul odours and exhibiting fungal growth. Measurements were also performed on samples to which distilled water was added (20% of the sample mass) to examine the effects of moisture. In addition, samples were subjected to a 17-h sterilisation treatment with ethylene oxide gas (EOG) to ascertain the effects of fermentation. EOG is used widely to sterilise medical devices and precision machinery and to kill all microorganisms [6] . 
Thermogravimetric differential thermal analysis
A thermogravimetric differential thermal analysis (TG-DTA) system (RigakuThermoplus TG 8120) was used to study the overall thermal characteristics of the samples (Fig. 3 ). The samples (each approximately 20 mg) were placed in an open aluminium container (0.05 ml). The thermal characteristics of the samples were examined by heating them from room temperature to 600°C at a rate of 2 K/min, with an air circulation of 150 ml/min.
Calorimetry
A Calvet calorimeter (Setaram C80, France) was used for additional thermal testing. The C80 is a highly sensitive, twin-type heat-flux calorimeter ( Fig. 4 ). It can reduce the effects of evaporation of water contained in a sample by using a high-pressure closed vessel (8 ml), and it can take measurements from room temperature to 100°C, which is a temperature range that cannot be easily measured using the TG-DTA system. The temperature of a ~1500-mg sample in a sealed vessel was increased at a rate of 0.1 K/min, up to 300°C.
High-sensitivity isothermal calorimeter
To examine in detail the faint heat generation from the fermentation and oxidisation of fatty acid esters, we used a highly sensitive isothermal calorimeter (Thermometric TAM-III, Sweden). The TAM ( Fig. 5 ) can measure the amount of heat generated by microbial fermentation at the nanoscale. A sample of ~1000 mg was placed in a sealed container (4 ml), which was isothermally maintained at 50°C for three days.
Gas chromatography
To study gas emission during storage, samples of approximately 50 g were placed in a 1-L glass bottle that was sealed airtight and placed in a thermostatically controlled oven. The resulting gas was collected ( Fig. 6 ) and measured by gas chromatography (Shimadzu, GC-14B), with a standard gas (CO: 0.05%; C2H6: 0.995%; H2: 0.097%, CO2: 0.996%; CH4: 0.987%) for calibration, and a thermal conductivity detector (TCD; 200°C; sensitivity was 50 mA; carrier gas was Ar at 20 ml/min). The column temperature ranged from 40°C (6 min hold) to 80°C (12 min hold) to 150°C (10 min hold), and changed at a rate of 40°C/min. An air cylinder (O2: 21%; N2: 79%) was used as the standard gas for measurement of O2 and N2. For these measurements, we used a TCD (200°C; 20 ml/min Ar carrier gas; 30 mA sensitivity), with the isothermal column temperature maintained at 30°C. 
Results and discussion
Thermogravimetric differential thermal analysis (TG-DTA)
Figs. 7-10 illustrate the TG-DTA measurements for a scanning rate of 2 K/min, and Table 1 offers a summary of the mass loss up to 100°C and the decomposition temperature for the various samples. The decomposition temperature is the temperature at which the DTA curve shifts by 0.1 μV (0.01 K) from the baseline, where the DTA curve is constant.
In all figures, the horizontal axis represents the sample temperature, and the vertical axis on the left (right) represents weight loss (thermal behaviour). Both TG and DTA (thermal behaviour) curves are plotted. In the TG curve, a downward direction indicates a reduction in weight, whereas an upward direction indicates an increase in weight. Conversely, in the DTA curve, a downward direction indicates an endothermic reaction, and an upward direction specifies an exothermic reaction.
The thermal decomposition results of four samples were divided into three broad stages. The TG curve exhibits weight loss caused by dehydration between room temperature and 100°C, and the highest rate of weight loss at this stage was observed in the rotten tatami collected from Yuriage. Subsequently, weight loss caused by the thermal decomposition of organic components was observed in all of the samples at temperatures of 180°C to 380°C, and heat generation and weight loss caused by char combustion were seen at temperatures exceeding 380°C.
The decomposition temperature ranged from approximately 160°C to 170°C for all samples. To reach ignition, enough heat must be generated to overcome losses and to sustain a temperature increase sufficient to reach ignition conditions. Fire may occur upon reaching the decomposition temperature, if all other necessary conditions (thermal insulation conditions, thermal capacity, volume of air inflow, heat exchange) are fulfilled. 
Calorimetry
Figs. 11-14 show the C80 results for a scanning rate of 0.1 K/min, and Table 2 summarises the exothermic onset temperature. The exothermic onset temperature was taken as the temperature at which the rate of heat generation increased to 0.005 mW. The samples of Yuriage wood chip, Kozukahara rotten tatami, and Yuriage rotten tatami all showed heat generation due to fermentation immediately following the start of measurement (around 25°C). EOG-treated samples exhibited a higher exothermic onset temperature and a smaller heat-generation peak. These results suggest the high possibility that the heat generated in the initial stages is triggered by fermentation. Moreover, in all these samples, the process of heat generation was observed in the fatty acid ester at temperatures ranging from 80°C to 100°C and was caused by thermal decomposition, which was observed at temperatures higher than 100°C. The process of heat generation leading to the spontaneous ignition of these items typically begins with a small amount of heat generated from fermentation as a result of microbial activity. Then, the fatty acid ester contained within the items begins to oxidise as the temperature rises gradually; even if the microorganisms die, the temperature continues to rise, ultimately resulting in spontaneous ignition.
One method of forecasting fires in such piles is to monitor the internal temperature. On the basis of the C80 results, it is recommended that the following safety measures be implemented. First, if the internal temperature of a pile is between 30°C and 50°C, fermentation begins, but only a small amount of heat is generated from the fermentation and breakdown of the pile. The use of heat dissipation measures at this stage reduces the risk of a further increase in temperature that could lead to spontaneous ignition.
Second, if the internal temperature of a pile is between 50°C and 80°C, microbial fermentation occurs in combination with the oxidation of fatty acid esters. Self-heating is already in progress at this stage, and immediate treatment is required. At this stage, breaking down the pile increases the oxygen supply to the area of self-heating, rapidly increasing the temperature and the risk of combustion. Therefore, it is desirable to seal the inflow volume of oxygen by covering the surface of the waste pile entirely; such conditions should be maintained until the temperature decreases.
High-sensitivity isothermal calorimeter
The TAM results are shown in Figs. 15-18 (untreated samples) and Figs. 19-22 (EOG-treated samples), and the amount of heat generated is summarised in Table 3 (untreated samples) and Table 4 (EOG-treated samples). The heat generation data are summarised for 0-24 h, 24-72 h, and for a combination of both periods. It is clear that much microbial activity occurs around 40-50°C [2] , above which temperatures the organisms gradually become inactive [7] . The holding temperature for TAM was thus set to 50°C, which enabled comparison with previous measurements.
Based on the thermal behaviour of the Kozukahara rotten tatami, heat generation tends to begin immediately after the start of the measurements, and increases rapidly after a few hours of observation. This is thought to occur because biological activity increases over time. Furthermore, the oxygen in the sealed sample container is consumed as a result of the rapid fermentation, and our results show that heat generation ceased when oxygen was low; therefore, it is highly likely that the fermentation occurring here was aerobic. All samples showed that greater heat was generated following the addition of moisture. The EOG-treated samples exhibited a decrease in the exothermic peak within 12 h after the start of the measurements. Fermentation, when considered together with the C80 results, is considered to greatly influence the rise in temperature. The C80 and TAM results for the samples with additional moisture content suggest that water sprayed to cool waste piles or extinguish fires may remain in the pile and subsequently promote fermentation. Therefore, it is necessary to continuously monitor the area around the source of a fire, even after the fire has been initially extinguished. Moreover, piled materials should periodically be divided into smaller piles, if possible, rather than left in accumulated piles over long periods of time. 
Gas chromatography
The results of GC analysis are shown in Table 5 (untreated samples) and Table 6 (EOG-treated samples). Based on the results of the untreated samples, we detected the generation of large amounts of carbon dioxide in the Yuriage wood chips, Kozukahara rotten tatami, and Yuriage rotten tatami. In addition, the generation of hydrogen was observed in all untreated samples to which distilled water was added. We observed a significant reduction in the amount of generated carbon dioxide as well as the absence of hydrogen and methane generation in the EOG-treated samples. Therefore, the generation of hydrogen and methane is likely due to anaerobic and aerobic fermentation [8] . Aerobic fermentation is caused by microorganisms that require oxygen, whereas those that cause anaerobic fermentation do not require oxygen. There are cases where combustible gases, such as hydrogen, are generated in anaerobic fermentation. Considering these results in combination with the thermal analysis, the wood chips and rotten tatami are thought to contain moderate amounts of moisture, which facilitates fermentation. The Kozukahara tatami contains less moisture (The original samples moisture content data comes from Table 1) ; thus, even if the tatami contains microorganisms, insufficient moisture is present for microbial activity to occur. Therefore, fermentation is very unlikely to take place in Kozukahara tatami under normal conditions. However, if the moisture increases, it is believed that fermentation may occur even in non-rotten tatami, thereby increasing the temperature and potentially leading to spontaneous ignition.
There have been cases in which the waste in raw garbage processors produced flammable gas and exploded [9] after being burned in an airtight environment. There have also been cases in which waste stored in a warehouse has fermented, consuming the surrounding oxygen and producing large amounts of carbon dioxide; this resulted in anoxic warehouse conditions, causing hypoxia symptoms and the subsequent deaths of on-site workers [10] . Although flammable gas and carbon dioxide are produced from disaster waste that is stored in outdoor areas, the concentrations of these gases decrease as they disperse into the atmosphere, and the accompanying risks are therefore relatively low.
However, it may be necessary to pay attention to the risks of fire, explosion, and hypoxia when transporting and storing disaster waste in airtight containers. Other than monitoring the temperature, as described in the section concerning C80, simple gas detector tubes should be combined to monitor simultaneously gases (carbon dioxide, carbon monoxide, methane, etc.), generated via fermentation and any increases in temperature. Pipes may be driven into the accumulated piles to release heat, and thermocouples inserted into the pipes can monitor the internal temperatures and generated gases.
Combustion mechanism
We have proposed a mechanism for fire based on the above results ( Fig. 23 ). We suggest that most microorganisms died as a result of an increase in temperature from 50°C to 80°C, thus inhibiting aerobic heat generation. The generation of abundant carbon dioxide is likely to induce accidents, owing to the lack of oxygen. Furthermore, explosions often occur when flammable gases are generated. Fatty acid esters are present in plants and may be oxidised to produce peroxide; we interpret this to be the primary process underlying the third step, in which cellulose and other organic materials begin to burn [11] - [13] .
Based on our results, we suggest two effective safety countermeasures: (1) the covering of slopes with sheets or soil and sand to restrict the inflow of oxygen ( Fig. 24) and (2) the emplacement of pipes in waste mounds to dissipate heat (Fig. 25 ). The latter option should also include a simple gas detector to monitor the presence of gases (carbon dioxide, hydrogen, carbon monoxide, and methane) produced by fermentation or emitted via temperature increase. Fig. 23 . Combustion mechanism in stored waste. Fig. 24 . Slope covers to restrict oxygen inflow. Fig. 25 . Pipes for the release of heat and gas monitoring.
Conclusions
(1) The decomposition temperature was between 160 and 170°C for all samples. Fire may start if self-heating continues and if all necessary conditions (e.g. thermal insulation conditions, thermal capacity, and volume of air inflow) are met. (2) Generated heat, considered to be caused by fermentation, was observed immediately from C80 measurements (around 25°C) for rotten tatami mats and wood chips. This generated heat could potentially trigger self-heating. The process of fermentation leading to fire begins with heat created by microbial activity. With favourable thermal insulation, the process is thought to progress to the oxidation of fatty acid esters, which are present in the disaster waste, before the temperature increases to initiate the pyrolysis of available cellulose and similar organic materials; it is this pyrolysis that leads to fire. (3) The TAM results indicate that the addition of distilled water to samples results in increased heat generation.
Since objects that contain sufficient moisture readily generate heat from fermentation, care must be taken to prevent the occurrence of fire, particularly in seasons with frequent rain and mild temperatures. Furthermore, particular attention should be paid to cases in which items that can ferment readily are stored near areas where water is sprayed for cooling or fire extinguishing, as the retention of this additional moisture may facilitate subsequent fermentation, potentially leading to self-heating and fire. (4) The GC results demonstrate the generation of large quantities of carbon dioxide from wood chips and rotten tatami mats. Furthermore, the addition of distilled water was found to result in the generation of hydrogen. Therefore, anaerobic fermentation involving combustible gases may occur alongside significant heating via aerobic fermentation. Thus, care should be taken to avoid explosions, fire, and oxygen deficiency when transporting or storing disaster waste in airtight containers. (5) Piled materials should periodically be divided into smaller piles, if possible, rather than being left in accumulated piles over long periods of time. Pipes may be driven into the accumulated piles to release heat, and the insertion of thermocouples into the pipes can monitor the internal temperatures and generated gases (e.g. carbon dioxide, carbon monoxide, methane). Waste materials with a high potential for fermentation should be given higher priority for sorting and processing. Furthermore, the surfaces of waste piles should be covered with sand or steel plates to prevent the inflow of air and thus inhibit fermentation.
